Abstract: For more than a decade, studies have aimed to adapt the agronomy of organic no-till systems for the environmental conditions of Eastern Canada. Most research on organic no-till practices in Eastern Canada has been conducted in the province of Québec, where 4% of farms are certified organic, and results from these trials have been published in technical reports available in French. The objective of this review was to revisit previous research work on organic farming in Eastern Canada-the majority of which has been published as technical reports in the French language-in order to highlight important findings and to identify information gaps. Cover crop-based rotational no-till systems for organic grain and horticultural cropping systems will be the main focus of this review. Overall, a few trials have demonstrated that organic rotational no-till can be successful and profitable in warmer and more productive regions of Eastern Canada, but its success can vary over years. The variability in the success of organic rotational no-till systems is the reason for the slow adoption of the system by organic farmers. On-going research focuses on breeding early-maturing fall rye, and terminating cover crops and weeds with the use of bioherbicides.
Introduction
Organic farmers in Eastern Canada have shown an interest in reduced tillage systems for decades. Surprisingly, there is also an increasing interest in organic no-till systems by conventional farmers [1] . From mid-2015 to early 2017, approximately 5000 hectares of land have been transitioned to organics in Quebec, as part of a provincial program to support the transition to organic farming [2] . Among those, an increasing number of conventional no-till grain farmers have shown interest in transitioning their entire farm to organic production while continuing their no-till management. A few conventional no-till grain farmers in Québec are also trying to incorporate rolled cover crop mulch into their cropping systems. We have seen a few instances of conventional farms transitioning hundreds of hectares from conventional no-till to organic no-till systems, with mixed results.
Most field trials on organic rotational no-till in Eastern Canada have been conducted in the province of Québec. Across Canada, Québec is the leader in organic farming, with the highest proportion of certified organic-farms. About 4% of Québec farms are certified organic [2] . Provincial programs and subsidies for farmers transitioning to organic production have had an important impact on the rate of organic transition since 2015 in the province [3] .
Much research has been conducted on organic no-till systems (rotational or continuous) in Eastern Canada, but very few of the results have been published in peer-reviewed journals. Moreover, results Developing organic rotational no-till systems has been, and is still a challenge in Eastern Canada, more than 10 years after the first field trials. Using fall-seeded cover crops that are rolled in the spring often results in late-seeding of cash crops. Farmers in Eastern Canada who have attempted to adopt organic rotational no-till systems developed in mid-Atlantic U.S.A. have had to select earlier maturing, lower-yielding cultivars for their grain crops when seeding later after cover crop termination. A common crop rotation for organic grain farmers in Eastern Canada includes corn, soybean, springor fall-seeded cereals, and possibly hay. Organic corn and soybeans are very profitable crops, and few farmers want to compromise on their crop choice or crop cultivars to implement reduced-tillage practices in Eastern Canada. Moreover, few organic grain farmers in Eastern Canada use full-season green manures, because of the availability of nearby animal manures from conventional livestock operations to supply nutrients to organic cropping systems. The price of agricultural lands and the profitability of organic corn and soybeans are also deterrents for full-season green manuring in the most productive regions of Eastern Canada. Therefore, growing a full-season green manure to produce a mulch, although very promising in Western Canada [27, 28] , is seen as unconceivable and not profitable for most farmers in Eastern Canada.
There is a growing number of diverse organic horticultural production systems in Eastern Canada, especially with a growing number of small-scale Community Supported Agriculture (CSA) vegetable farms. Their rotations include a diversity of crops, and leave more opportunities for using full-season cover crops to produce a mulch than in organic grain rotations. However, a growing number of small-scale organic vegetable farmers rely on external inputs like pelletized poultry manure and compost to supply an increasing proportion nutrient requirements for their crops. Green manuring is diminishing in popularity among some of those small-scale, highly-productive horticultural organic farms.
Selecting and Managing Cover Crops for Organic No-Till Systems
Most studies conducted in Eastern Canada that have focused on organic rotational no-till systems have tested cover crop-cash crop combinations used in northeastern U.S.A., particularly at the Rodale Institute. The cover crop-cash crop combination most frequently studied for rotational no-till systems in Eastern Canada uses soybeans planted into rolled fall rye mulch (Table 2) . Hairy vetch (Vicia villosa Roth) has also been tested in pure stand, and in mixture with fall rye or wheat (Triticum aestivum L.) [15, 22] (Table 3) . For horticultural crops, research efforts have focused on cucurbits (family Cucurbitaceae) that are no-till seeded or transplanted into rolled fall rye mulch. Sweet corn (Zea mays convar. saccharata var. rugosa) and broccoli (Brassica oleracea L.) have also been investigated as vegetable crops grown in cover crop-based rotational no-till systems in Québec [14, 18] . On-farm breeding trials have been conducted by CETAB+ (Centre d'expertise et de transfert en agriculture biologique et de proximité) in Québec since 2013 to breed early-flowering fall rye with high biomass production under organic management [23] . Seed from this selection was increased in 2016 by CETAB+ and the variety is expected to soon be registered under the name "CETAB+ HÂTIF". CETAB+ has developed a fall rye cultivar that flowers 7 to 10 days earlier than other fall rye cultivars. This early-flowering fall rye will allow farmers to no-till seed soybeans into the rye mulch earlier than mid-to late June. Late seeding dates for cash crops in organic no-till systems are a critical issue in Eastern Canada. In extreme cases, late planting does not allow enough time for the crop to mature before harvest [15] . For most regions in Eastern Canada, seeding soybeans in mid-June is too late and the crop will be at risk of an early-frost before it can reach its maturity. Therefore, it is also recommended to choose an early-maturing soybean cultivar when direct-seeding into a fall rye mulch [23] .
Cover crop biomass at termination by rolling varied largely between experiments, sites, and years. In Québec, fall rye biomass at termination ranged between 4.1 and 10.1 t·ha −1 [13, 15] . Winter survival of fall rye is an issue in Eastern Canada [15, 23] . Low winter survival has resulted in low mulch biomass, causing poor weed control, and even crop failure.
Two field trials have tested different seeding rates for fall rye cover crop in Eastern Canada. Leroux et al. [15] compared three seeding rates of fall rye in organic no-till soybeans (70, 110, and 150 kg·ha −1 ), and Robinson and Nurse [11] compared two seeding rates of fall rye (100 and 150 kg·ha −1 ). Robinson and Nurse [11] recommend a seeding rate of 150 kg·ha −1 to achieve the most uniform stand best suited to rolling, whereas Leroux et al. [15] identified 110 kg·ha −1 as the best seeding rate for fall rye to achieve maximum weed control.
Adequate cover crop termination with rolling is still an issue for organic rotational no-till trials in Eastern Canada. A majority of farmers and researchers have not been following Keene et al.'s [29] recommendations to terminate fall rye at 50% anthesis or the early milk stages and hairy vetch at late flowering to early pod set when using the roller-crimper. This causes important regrowth, and weed problems. A second pass of the roller-crimper was often necessary to control fall rye regrowth [15] . However, those rolling at the recommended stages were able to successfully terminate the cover crop [18] . Therefore, recommendations for rolling timing based on cover crop phenological stages were identified to be at 50% to 75% anthesis of fall rye [11] , which do not differ from those in the scientific literature from northern USA.
Most farmers have built their roller-crimpers based on the plans from the Rodale Institute [30] . [23] . Seed from this selection was increased in 2016 by CETAB+ and the variety is expected to soon be registered under the name "CETAB+ HÂTIF". CETAB+ has developed a fall rye cultivar that flowers 7 to 10 days earlier than other fall rye cultivars. This early-flowering fall rye will allow farmers to no-till seed soybeans into the rye mulch earlier than mid-to late June. Late seeding dates for cash crops in organic no-till systems are a critical issue in Eastern Canada. In extreme cases, late planting does not allow enough time for the crop to mature before harvest [15] . For most regions in Eastern Canada, seeding soybeans in mid-June is too late and the crop will be at risk of an early-frost before it can reach its maturity. Therefore, it is also recommended to choose an early-maturing soybean cultivar when direct-seeding into a fall rye mulch [23] .
Cover crop biomass at termination by rolling varied largely between experiments, sites, and years. In Québec, fall rye biomass at termination ranged between 4.1 and 10.1 t•ha −1 [13, 15] . Winter survival of fall rye is an issue in Eastern Canada [15, 23] . Low winter survival has resulted in low mulch biomass, causing poor weed control, and even crop failure.
Two field trials have tested different seeding rates for fall rye cover crop in Eastern Canada. Leroux et al. [15] compared three seeding rates of fall rye in organic no-till soybeans (70, 110, and 150 kg•ha −1 ), and Robinson and Nurse [11] compared two seeding rates of fall rye (100 and 150 kg•ha −1 ). Robinson and Nurse [11] recommend a seeding rate of 150 kg•ha −1 to achieve the most uniform stand best suited to rolling, whereas Leroux et al. [15] identified 110 kg•ha −1 as the best seeding rate for fall rye to achieve maximum weed control.
Most farmers have built their roller-crimpers based on the plans from the Rodale Institute [30] . 
Weed Control by Cover Crop Mulches
Overall, studies conducted in Eastern Canada have shown that weed control, i.e., a reduction in weed density and/or biomass, provided by cover crop mulches, is inconsistent both within areas of the same field, and over different years. As a result, this system has not been widely adopted by 
Overall, studies conducted in Eastern Canada have shown that weed control, i.e., a reduction in weed density and/or biomass, provided by cover crop mulches, is inconsistent both within areas of the same field, and over different years. As a result, this system has not been widely adopted by organic farmers in Eastern Canada. Several factors have contributed to the poor weed control achieved by cover crop mulches: -Low winter survival of fall rye -Poor termination (timing, method) of the cover crops, leading to cover crop regrowth -Design of the roller-crimper -Low cover crop biomass (<6 t·ha −1 ) -Variability in cover crop biomass within a same field -Competition between the cover crop and cash crop for water, light, and nutrients
Besides cover crop mulches, other techniques have been investigated for weed control without tillage. Electrical weed control and flaming have been tested as early as the 1980s and 1990s in Québec, respectively [32, 33] . Mulches and seed treatments from essential oils of aromatic plants, such as mint (Mentha piperita and Mentha spicata), thyme (Thymus vulgaris), bergamot (Monarda fistulosa and Monarda didyma), and oregano (Origanum vulgare), have also been tested, with promising results [34] . The use of bioherbicides such as acetic acid (vinegar) has also received attention by researchers and extension agents in Eastern Canada [11, 35] . However, very few of these techniques have been tested in combination with cover crop mulches, to synergistically enhance weed control using multiple control measures.
Insects in Organic No-Till Systems
An important query from farmers about organic no-till systems is: Do cover crop mulches attract or repel insects? In a study on organic no-till pumpkin (Cucurbita pepo L.) production in Québec, the use of fall rye mulch did not influence the incidence of striped cucumber beetle (Acalymma vittatum) in [19] . The number of striped cucumber beetles observed was similar in the rye mulch, black polyethylene mulch, weedy, and weed-free treatments. The incidence of bacterial wilt (Erwinia tracheiphila) on pumpkin was also not affected by the presence of rye mulch [19] . Fewer numbers of diamondback moth (Plutella xylostella L.), a major pest in cabbage (Brassica oleracea L.), were found in rye mulch than in treatments without rye mulch [18] . However, the rye mulch also attracted higher numbers of imported cabbageworm (Pieris rapae L.) than treatments without rye, in one of two years, because adult imported cabbageworm females prefer to lay eggs on diverse vegetation types, such as rye and weeds.
Cover crop mulches have been found to be a favourable habitat for insect predators and beneficial insects [18] . Carabid species of the Harpalus genus that prefer microclimates with higher humidity were also attracted by the fall rye mulch. Leyla Mancilla [18] concluded that the no-till rye system had the potential for providing important ecosystem services. Marshall and Lynch [24] also observed that the cover crop mulch combined with no-till created a favorable habitat for earthworms. More earthworms were observed in the cooler and moister soils below organic no-till treatments, than in fall or spring tillage treatments [24, 25] .
Agronomic Performance and Profitability

Crop Yield and Quality
Reduced yields under organic no-till were observed in most trials in Eastern Canada, compared to traditionally tilled organic systems. The variability in yield and successful weed control for organic no-till systems are making organic farmers turn away from this system in Eastern Canada. Indeed, a great number of field studies summarized in Table 1 resulted in inconsistent yields within the same field (depending on cover crop termination/regrowth), and across years (depending on seeding and harvesting dates).
Among the few trials showing promising results for organic no-till systems was a study in Prince Edward Island focused on soybeans. Yields of organic no-till soybeans ranged between 1.82 and 2.68 t·ha −1 , and were comparable to traditionally tilled organic soybeans yields of 1.34-2.20 t·ha −1 in tilled solid stand (17.8 or 35.6 cm rows, i.e., 7 or 14 inch rows) and of 1.19 t·ha −1 in 61 cm (24 inch) rows [24] .
For spring-seeded cash crops, the cooling effect of the cover crop mulch is disadvantageous. Slower growth of cash crops in organic no-till has been reported in the literature. This is especially true in the cool humid climate of Eastern Canada. Organic no-till soybeans were on average 14% shorter than organic soybeans without fall rye mulch, despite identical seeding date [15] . Lower soybean plant populations were also observed in no-till treatments compared to tilled treatments (Figure 2 ) [13] .
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However, an advantage of the fall rye mulch is the reduction in the amplitude of soil surface temperature over the growing season [18] . Soil surface temperatures (0 cm depth) under the fall rye mulch were warmer in mid-June to mid-July and cooler in mid-July to mid-Aug than soil temperatures in treatments without fall rye mulch [18] . No difference in growing degree units between rolled rye and mechanical and hand-weeding treatments was observed for broccoli production. They attributed the delayed maturation of broccoli in the rolled fall rye treatment to other factors, such as allelochemical release from the rye mulch and weed competition. 
Profit margins
Data on economical profitability of organic no-till systems is scarce in studies conducted in Eastern Canada. One of the only trials that included an economic analysis compared two weed control techniques (mechanical weed control (tilled) vs. cover crop mulch (no-till)) in three soybean cultivars (cv. Auriga, Phoenix, and S10-B7) [14] . Their study showed that organic no-till soybeans can be profitable when farmers produce their own fall rye seeds and reached a soybean yield of at least 2.3 t•ha −1 . However, yields of organic no-till soybeans in the study ranged between 1.9 and 2.2 t•ha −1 . Therefore, Lefebvre et al. [16] concluded that using cover crop mulches in organic soybean production in Québec can be profitable only by experienced organic growers farming in warmer and more productive regions of Québec.
Gains in production costs can be made by using cover crop mulches. In an organic no-till broccoli trial in Québec, Leyla Mancilla [18] estimated that the organic no-till system decreased production costs to 6% to 30% the cost of mechanical weeding system. However, they still did not recommend this technique for transplanted broccoli production. In their study, marketable yields in organic notill systems were 7%-13% the yield of the mechanical weeding system. In the organic no-till treatment, 36% and 70% of broccoli classified as non-marketable in 2011 and 2012, respectively, because the head did not reach maturity. They suggest that the organic no-till system needs to be optimized to produce better crop quality and yield.
Ongoing and Future Needs for Organic No-Till Research
Ongoing Studies on Organic No-Till
Ongoing research to further the development of organic no-till systems in Eastern Canada is focusing on cover crop breeding for early-maturing varieties (i.e., fall rye) [11] . Other on-farm trials are also testing different doses of bioherbicides (i.e., acetic acid (vinegar)) to terminate cover crops and weeds without tillage. Innovative on-farm research is also being conducted by farmers group on However, an advantage of the fall rye mulch is the reduction in the amplitude of soil surface temperature over the growing season [18] . Soil surface temperatures (0 cm depth) under the fall rye mulch were warmer in mid-June to mid-July and cooler in mid-July to mid-Aug than soil temperatures in treatments without fall rye mulch [18] . No difference in growing degree units between rolled rye and mechanical and hand-weeding treatments was observed for broccoli production. They attributed the delayed maturation of broccoli in the rolled fall rye treatment to other factors, such as allelochemical release from the rye mulch and weed competition.
Profit margins
Data on economical profitability of organic no-till systems is scarce in studies conducted in Eastern Canada. One of the only trials that included an economic analysis compared two weed control techniques (mechanical weed control (tilled) vs. cover crop mulch (no-till)) in three soybean cultivars (cv. Auriga, Phoenix, and S10-B7) [14] . Their study showed that organic no-till soybeans can be profitable when farmers produce their own fall rye seeds and reached a soybean yield of at least 2.3 t·ha −1 . However, yields of organic no-till soybeans in the study ranged between 1.9 and 2.2 t·ha −1 . Therefore, Lefebvre et al. [16] concluded that using cover crop mulches in organic soybean production in Québec can be profitable only by experienced organic growers farming in warmer and more productive regions of Québec.
Gains in production costs can be made by using cover crop mulches. In an organic no-till broccoli trial in Québec, Leyla Mancilla [18] estimated that the organic no-till system decreased production costs to 6% to 30% the cost of mechanical weeding system. However, they still did not recommend this technique for transplanted broccoli production. In their study, marketable yields in organic no-till systems were 7%-13% the yield of the mechanical weeding system. In the organic no-till treatment, 36% and 70% of broccoli classified as non-marketable in 2011 and 2012, respectively, because the head did not reach maturity. They suggest that the organic no-till system needs to be optimized to produce better crop quality and yield.
Ongoing and Future Needs for Organic No-Till Research
Ongoing Studies on Organic No-Till
Ongoing research to further the development of organic no-till systems in Eastern Canada is focusing on cover crop breeding for early-maturing varieties (i.e., fall rye) [11] . Other on-farm trials are also testing different doses of bioherbicides (i.e., acetic acid (vinegar)) to terminate cover crops and weeds without tillage. Innovative on-farm research is also being conducted by farmers group on no-till permanent cover cropping system ("Semis direct sous Couverture Végétale" (SCV) in French) in conventional and organic cropping systems [35] . For example, farmers are planting corn in third or fourth year alfalfa (Medicago sativa L.) stand, using reduced doses of herbicides (synthetic and/or organic herbicides) to decrease alfalfa vigor without killing them.
Future Research Needs
The province of Québec has 4% of its farms certified organic, making it the leader in Canada in terms of number of farms (not acreage) [2] . With current provincial agricultural policies and grant programs encouraging farmers to transition to organics, an increasing number of large-farm no-till grain farms in Québec are transitioning to organic production [2] . As previously mentioned, these growers want to maintain their no-till management, creating additional challenges for their transition to organic production [1] . Therefore, there is a pressing need for future research on the agronomy of organic no-till systems in Eastern Canada.
Future research should focus on breeding early maturing cover crops with high biomass production to be terminated in late May or early June. There is also a need to find a better combination of early maturing cover crop and short season cash crop species that are adapted for the climate of Eastern Canada, and are profitable for farmers. New markets are developing in Québec and Ontario for organic field vegetable production (such as green peas (Pisum sativum L.), extra-fine beans (Phaseolus vulgaris L.), and sweet corn) with high economical returns. If these short-season crops are integrated into organic grain rotations, they could be seeded later in the season, and create a cover crop window that does not currently exist in grain corn and soybean crop rotations for organic rotational no-till systems. There is also an interest from organic farms to diversify their cover crops (e.g., seeding more complex mixtures of cover crop species, instead of the traditional field pea-oat binary mixtures). Research on finding cover crop species with synchronized maturity for even and timely termination by rolling is also of interest to organic farmers in Eastern Canada. Future research should also include economic analysis of no-till practices in organic farming systems, and of the impact of ecological services on soil health and the environment.
